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Abstract The petrologic interpretation of the coexisting lithologies in the KIHA-NE meta-
morphic block suggests that two of the four rock units may have a significant role in the
migration and/or storage of hydrocarbons. The strongly sheared mylonite samples exhibit
remarkable fracture systems with clear evidence of one-time oil migration. In the course
of the integrated core study, in addition to the petrological methods, 3D CT scans and de-
structive and non-destructive rock mechanical treatments were fulfilled on representative
samples and evaluated. On the basis of the results we can state that the petrologically dif-
ferent rock types have remarkably different brittle behaviours. The orthognesis mylonite is
characterised by moderate anisotropy and fracture tendency. However, the fractal dimension
and cumulative fracture length values do not suggest the formation of complicated and con-
nected fracture systems. High anisotropy and a large and possibly communicating fracture
system characterise the graphitic gneiss mylonite, achieved by a much lower work invest-
ment than for any other rock type.
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1 Introduction
The fracture system of hard rock bodies serves as migration pathways and/or storage for var-
ious fluids of industrial importance: hydrocarbons, geothermal and drinking water. A single
crystalline basement block may be characterised by different rock types with different rhe-
ology parameters and structural evolutions and thus the capacity for brittle deformation may
be extremely heterogeneous inside the complex. Consequently, blocks with significantly dif-
ferent kinds of fracture systems with diverse characteristics may evolve in the same reser-
voir. To understand the behaviour of these fluid reservoirs, knowledge of their petrology is
necessary and in this regard well-core investigations are among the most important facets.
Because of the small number of cores compared with the number of wells, it is important
to obtain as much information as possible from each sample. For efficiency it is desirable to
integrate the results of the various core examination approaches in a coherent system. The
main subjects that should be addressed are: a complex petrographic analysis, microstructure
analysis, rock mechanics and an evaluation of fracture patterns both of natural and provoked
origin.
The Pannonian Basin is situated inside the Alpine-Carpathian-Dinaric orogenic belt. Its
crystalline basement is extremely complex, both petrologically and structurally. As a con-
sequence of the complicated subsidence history of the basin during the Neogene (e.g., Tari
et al. 1992; Horváth 1995; Csontos and Nagymarosy 1998; Horváth et al. 2006) uplifted
metamorphic basement highs also formed (e.g., Tari et al. 1992; M. Tóth and Zachar 2006;
Zachar et al. 2007; M. Tóth et al. 2009). These blocks serve as excellent fractured reservoirs
of hydrocarbon (e.g., M. Tóth et al. 2002, 2004; Schubert et al. 2007) and thermal water
(e.g., Stegena et al. 1992) and make the understanding of this region especially important.
The aim of the present study is to understand the lithologies and their reservoir properties
of a basement fluid reservoir (example of KIHA-NE) using the method of an integrated core
examination. The region of the Kiskunhalas-NE (KIHA-NE) basement high is one of the
most remarkable fractured metamorphic HC-reservoirs in the Pannonian Basin.
2 Geological background
The Pannonian Basin is a complicated mosaic of blocks with incompatible evolutions, be-
cause of its complex, multistage tectonic history (D. Lo˝rincz 1996). The basement is com-
posed mainly of Variscan age crystalline rocks (Szederkényi 1984; Lelkes-Felvári et al.
2003; Lelkes-Felvári and Frank 2006). It underwent large scale extension during the early
Jurassic (Csontos et al. 1992; Haas and Péró 2004) and nappe formation in the Creta-
ceous (Tari et al. 1999). During the Neogene basin subsidence, deep sub-basins evolved
surrounded by basement highs. The metamorphic basement of the Pannonian Basin can be
investigated by several borecores, which penetrated these uplifted regions.
The Kiskunhalas-NE Field is situated south of the Mid-Hungarian tectonic zone that sep-
arates the Tisza Unit from the ALCAPA Unit (Csontos and Nagymarosy 1998). According
to recent interpretations, the study area is located close to the assumed front of the Co-
dru Nappe, which formed due to Cretaceous tectonic activity. There are two neighbouring
metamorphic domes that have been previously studied; the petrologically well-known meta-
morphic block Jánoshalma High (JH) to the SW and the less well-known Tázlár (T) to the
NE (Fig. 1).
According to the small number of papers that have previously dealt with the KIHA-
NE Field: gneiss, micaschist, amphibolite, different mylonite types, migmatite and a low-
grade phyllite variety predominate in the study area with an unknown structural arrangement
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Fig. 1 Simplified geological
map of the Pannonian Basin in
the Alpine-Carpathian-Dinaric
system showing the position of
the Kiskunhalas and the
neighbouring fields. The dashed
lines referred to the subunits of
Tisza Unit
(Cserepes 1980; Cserepes-Meszéna 1986; T. Kovács and Kurucz 1984). T. Kovács (1973)
suggests that in relation to the general amphibolite facies metamorphism of Variscan age, at
certain places migmatites and diatexites formed. In the course of the following retrograde
metamorphism, mylonite, chlorite schist and sericite schist evolved (Árkai 1991). Árkai
(1978, 1991) suggests that the protolith of the phyllites was marly sediment formed under
reductive conditions. Using illite crystallinity indices it is thought to have undergone a very
low-grade metamorphism with a peak of about 270–300 °C (Árkai, in Cserepes-Meszéna
1986). Árkai (1991) supposes that the low-grade phyllite represents an exotic nappe and
consequently its contact to other rock types must be tectonic. Geochemical data infer weath-
ering of the phyllite body under surface conditions.
The latest examinations (Nagy and M. Tóth 2012) based on the macroscopic, microscopic
and thermometric studies of borecore samples identified four main rock types. The ideal rock
column was defined using all available borecore specimens. The following petrological char-
acterisation is after Nagy and M. Tóth (2012). At the lowermost structural position an unal-
tered orthogneiss (OG) is characteristic (Fig. 2(a)). This gneiss variety contains amphibolite
xenoliths and was intruded by mica-poor post-metamorphic granitoid intrusions. From the
textural features and the mineral assemblage the orthogneiss is identical to that described
in the neighbouring Jánoshalma high by Zachar and M. Tóth (2004). It exhibits a two-
stage evolution with very poorly constrained metamorphic conditions of T1 ∼ 700–850 °C
at P1 < 0.65 GPa, and T2 < 580 °C. From a geological reservoir point of view, this block
has only minor significance because of the small amount of natural fractures. The next litho-
logical zone upwards consists of orthogneiss mylonite (OGM) (Fig. 2(b)) exhibiting textu-
ral features of ductile deformation, which took place in an extensional regime (C/S fabric,
apatite bookshelf, plastically deformed quartz grains). On the basis of the biotite-muscovite-
feldspar-quartz mineral assemblage and the relic magmatic textures, like mirmekitic feldspar
grains and the idiomorphic habit of accessory phases (zircon), the protolith of the mylonite
prior to ductile deformation should have been the lowermost orthogneiss. Some gneiss my-
lonite samples are locally oil spotted suggesting that the generally moderately fractured
OGM zone may be important from a geological reservoir point of view. Further upwards,
mylonites occur with extensional fabric elements (C/S fabric, apatite bookshelf, boudi-
naged clasts, deformed quartz grains) similar to those that characterise the OGM unit. This
zone however, exhibits significantly different mineralogy. The diagnostic phases of the or-
thogneiss are missing (biotite) or play only a subordinate role (feldspar), while graphite,
pyrite and carbonate become characteristic phases. According to the results of different ther-
mometers that use Raman spectral parameters of carbonaceous material (Beyssac et al. 2002;
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Fig. 2 The idealised rock
column of KIHA-NE Field (after
Nagy and M. Tóth 2012).
Representative macroscopic
pictures of the lithologies and its
characteristic temperatures:
(a) orthogneiss, (b) orthogneiss
mylonite, (c) graphitic gneiss
mylonite, (d) graphitic carbonate
phyllite TCM—temperature of
carbonaceous material
thermometer by Raman
microspectroscopy;
Tdef—temperature of
deformation by quartz suture
thermometer; T1 and
T2—characteristic temperatures
(Zachar and M. Tóth 2004)
Rahl et al. 2005; Aoya et al. 2010), the peak metamorphism of this graphitic gneiss mylonite
zone (GGM) (Fig. 2(c)) was T of 410 ± 45 °C. The carbonate minerals occur in small-sized
nests in the matrix, which locally could have been dissolved. Strongly fractured, locally
brecciated borecore samples of this rock unit are often oil spotted. Estimations of the defor-
mation temperature for both mylonitic rocks give approximately Tdef ∼ 455 °C (using the
quartz suture thermometer of Kruhl and Nega 1996). The uppermost member of the rock
column is graphitic carbonate phyllite (Fig. 2(d)) represented by just a small number of
samples. This rock unit can be characterised by T of 370 ± 15 °C, estimated by the Raman
spectroscopy carbonaceous material thermometer. This rock type is not mylonitic.
Results of previous and current geothermometric calculations suggest that there is an
approximately 200 °C difference between the peak metamorphic temperatures of the two
extreme lithologies (orthogneiss and carbonate phyllite) in the rock column. This means
a 5–10 km difference in formation depth depending on the one-time geothermal gradi-
ent. This result, together with presence of the extensional mylonites, implies that the study
area evolved in an extensional stress regime following the thermal peak; blocks of different
metamorphic conditions became juxtaposed along a shear zone at a depth corresponding to
∼455 °C (Nagy and M. Tóth 2012). The entire rock column behaved uniformly during the
following tectonic development; at shallower positions it deformed in a brittle way. Never-
theless, the different lithology types not necessarily fractured in a same extent and mode.
The petrologic interpretation of the coexisting lithologies in the KIHA-NE metamorphic
blocks suggests that two of the four rock units may have a significant role in migration
and/or storage of hydrocarbons. The strongly sheared mylonite samples exhibit remarkable
fracture systems with clear evidence for one-time oil migration. In the course of the rock
mechanical investigations we focus on these two mylonitic rock types.
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3 Methods
In the course of the integrated core study, the following list of examinations was fulfilled
and evaluated:
(1) Identification and classification of the rock specimens by conventional petrographic and
petrological methods; macroscopic and microscopic description, interpretation of the
microtextures and geothermobarometric calculations. Using all these data the metamor-
phic and structural evolution of the investigated area can be sketched out and a reliable
geological framework model can be established.
(2) Preparation of representative samples from the important lithologies with standardised
circumstances for rock mechanical treatment. Careful selection of samples without frac-
tures is essential, because even closed or cemented natural fractures may significantly
modify the rock mechanical behaviour of the rock matrix.
(3) 3-dimensional scan of the specimens with Computed Tomography (CT) using standard-
ised setup.
(4) Destructive and non-destructive rock mechanical treatment on the intact specimens.
(5) 3D CT scan of the treated specimens.
(6) Evaluation of rock mechanical data and the CT images using image analysis methods
and statistical data processing.
Following several experiments (not detailed here) settings for all steps were optimised and
the above list was used as a standard routine afterwards.
3.1 X-ray computed tomography (CT)
3.1.1 Overview of the X-ray computed tomography
X-ray CT allows visualisation of the internal structure of objects by mapping the varia-
tion of the X-ray attenuation within the object. The resulting image displays the differ-
ences in density according to the X-ray attenuation law; the smaller the attenuation co-
efficient of the body, the darker the image. CT provides three-dimensional information
about the heterogeneities within the samples in relation to the density and chemical com-
position of the object and the energy of the incident X-ray beam. This non-destructive
method allows the detection of boundaries between phases and materials, or discontinu-
ities (pores, fractures) of the samples. Furthermore, the data are digital, which aids easy
quantitative analysis and the interpretation by image processing software (Ikeda et al. 2000;
Ketcham and Carlson 2001; Mees et al. 2003). The radiological density is expressed in
Hounsfield units (HU), which is a dimensionless number normalised by the linear attenua-
tion coefficient of water (HU = −1000 for air, HU = 0 for water, Hounsfield 1973).
3.1.2 CT applications in geology
CT was developed for medical applications and was later extended and widely-adopted in
many industrial fields. The first geological application was inspired by the fact that CT could
acquire interior information from irreplaceable specimens in a non-destructive manner. The
early application and subsequent discovery of the further potential of CT is thoroughly dis-
cussed by Ketcham and Carlson (2001) and Mees et al. (2003).
Before the application of CT, the most widely available examination of rock samples
was in 2D. Although there were some circumstantial and time-consuming methods to get
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3D information about the structural or textural features of a sample, like using successive
digitised images acquired by serial thin sectioning or lapping (Bryon et al. 1995; Cooper
and Hunter 1995; Marschallinger 1998), or by partial melting experiments (Philpotts et al.
1998), these were not applicable to all rock types (Ikeda et al. 2000). The propagation of the
CT method in geology provided the opportunity for visualisation and quantitative textural
analysis of igneous (e.g., Carlson et al. 2000; Ikeda et al. 2000) and metamorphic rocks
(e.g., Denison et al. 1997; Denison and Carlson 1997; Ikeda et al. 2000; Ketcham 2005;
Huddlestone-Holmes and Ketcham 2010).
In the case of conventional reservoir lithologies (sedimentary rocks), CT was used to de-
termine the porosity of the rocks and investigate the fluid flow in the samples (e.g., Welling-
ton and Vinegar 1987; Van Geet et al. 2000; Földes et al. 2004). In non-conventional (frac-
tured hard rock) reservoirs, the porosity relates to the fracture properties of the rock, which
can also be investigated by CT methods. A combination of breaking tests and CT scan-
ning was applied by Raynaud et al. (1989) among others. They deformed and fractured four
different rock types in a triaxial cell and then compared the experimental results with the ra-
diological density data. Vinegar et al. (1991), in addition to strain localisation examinations
on sandstone, observed the correlation between Hounsfield units and the porosity and grain
density of each section of the samples. Be’suelle et al. (2003) also crushed the samples in
a triaxial cell to investigate the strain localisation and then quantitatively characterised the
damage state in thin sections. Other authors have examined faults in sandstone (Antonellini
et al. 1994) or in granite (Kawakata et al. 1999) with CT.
This study aims to obtain images of the internal structure and the provoked fractures in
the specimens on a millimetre scale and therefore, a conventional medical CT was the ap-
propriate technique for scanning (Mees et al. 2003). The measurements were carried out on
the S40 spiral Siemens Somatom Sensation CT scanner in the Institute of Diagnostic Imag-
ing and Radiation Oncology, University of Kaposvár, Hungary. This is high-performance
equipment with a dual-focus X-ray tube with rotating anode and Xe detectors. The voltage
and current of the X-ray tube were 140 kV and 189 mA, respectively. The X-ray exposure
time for each slice was 1.5 s and the thickness of each slice was 1 mm. The voxel size was
0.25 × 0.25 × 1 mm.
3.2 CT data processing
The HU values of the CT datasets are proportional to the density of the scanned object.
These numerical data can be handled by statistical methods that give an opportunity to com-
pare the density conditions of the intact and crushed samples. For this purpose we calculated
the standard descriptive statistical parameters, mean, modus and standard deviation of the
HU data, both for the whole 3D data blocks and for each slice independently, in order to
understand the response of the different lithologies to stress. When evaluating the CT data
only those parts of the images that related to the rock material were taken into considera-
tion. Background (air) appears in the pixels of wider fractures in the crushed samples and
was filtered out by choosing an appropriate threshold value. During the petrographic image
analysis the Fiji (ImageJA 1.45i) software package was used.
To characterise quantitatively the ability for fracturing, a size-independent parame-
ter should be defined. For this process CT images of the crushed samples were evalu-
ated. The most straightforward way to measure the amount of fractures is to count pix-
els that contain provoked discontinuity. This value normalised by the area of the stud-
ied CT section results in a parameter called cumulative fracture length (CFL). It is rather
similar to the widely-used fracture intensity measured by m/m2 (e.g., Liu et al. 2004;
Ortega et al. 2006).
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Nevertheless, explicit selection of those pixels that represent cracks in the CT image is
rather difficult because of the wide spectrum of gray colours of the host rock itself. There-
fore, the original data set should be treated with image analysis tools (brightness, contrast
and intensity) to transform it to a black and white image, where one extreme (e.g. black)
represents the fractures, whilst the other is for the rock material. For this process the Osiris
4.19 software was used.
The complexity of the fracture network can be characterised by numerous quantitative
parameters, among which the fractal dimension of the pattern is a widely-used choice (e.g.,
Barton and Larsen 1985; Hirata 1989; Matsumoto et al. 1992; Tsuchiya and Nakatsuka
1995). In contrast to any other possible parameter, fractal dimension not only determines
fracture density, but also the measure of scale independency of the network. Fractal di-
mension (D) values for each treated sample were determined by the common box-counting
method (e.g., Barton 1995; Li et al. 2009) on representative CT sections parallel to the sam-
ple axis.
3.3 Rock mechanical tests
In the course of rock mechanical tests we investigated the mechanical behaviour of the frac-
ture free rock body. Careful sample selection and the standardised laboratory measurements
should provide a reliable sample set. Through the sample selection procedure we chose
intact borecores, which were not affected by natural brittle deformation events. Follow-
ing pre-selection using a hand lens and binocular microscopy and after appropriate internal
structures had been tested by evaluating CT images, non-destructive and destructive rock
mechanical methods were applied.
The aim in cutting samples was the creation of regular cylindrical shapes with the stan-
dard 2:1 (axis:diameter) size and 50 mm diameter. In a few cases, when borecore size did not
allow cutting standard sized samples, rock mechanical data were converted using the sugges-
tions of the ISRM (ISRM 2006). The American Society for Testing and Materials (ASTM)
size effect corrections (ASTM 2004) were used for the compressive strength. When pos-
sible, more than one sample was taken from a single borecore. Considering the intensely
deformed lithology, samples were prepared both parallel and perpendicular to the dominant
foliation from the same lithologies. In total, 22 samples were prepared from the three basic
lithologies representing 9 borecores from the KIHA-NE Field (Table 1).
3.3.1 Non-destructive tests
After cutting the samples, their ultrasonic wave velocity was measured in accordance with
the suggestion of the International Society for Rock Mechanics (ISRM 2006).
3.3.2 Destructive tests
The most common approach to study the mechanical properties of rocks is by using an
unconfirmed compressive test. If the lateral surface of the rock is traction-free, the configu-
ration is referred to as uniaxial compression (σ1 > 0, σ2 = σ3 = 0).
Using this configuration, the uniaxial strain (ε) depends upon uniaxial stress (σ ) and
can be measured. If σ is plotted against ε given the stress-strain curve, the point at which
it reaches the maximum stress value is the uniaxial compressive strength (σc) [MPa] and
this point marks the transition from ductile to brittle behaviour. From the slope of a stress-
strain curve at 50 % of the ultimate stress, Young’s modulus (elasticity modulus (E) [GPa])
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Table 1 Measured data of the samples
Samp.
Nr.
Lit. Or. CFL D vUH
(km/s)
mσc
(Mpa)
cσc
(Mpa)
E
(GPa)
υ E/σc Wd
II/1 OG PL 11 1.46 44.90 42.4 56.8 9.58 – 169 0.337
VII/1 OG PP 9 1.40 51.65 60.1 80.3 22.55 0.07 281 0.286
VIII/1 OG PP 5 1.07 38.41 59.7 85.0 17.83 0.10 210 0.405
VIII/2 OG PP 13 1.40 41.28 34.9 49.5 8.64 0.34 175 0.284
IV/1 OGM PL 14 1.42 50.74 44.0 58.9 11.04 0.33 187 0.314
IV/2 OGM PL 14 1.56 45.07 39.8 52.7 13.04 – 247 0.213
III/1 OGM PL 9 1.50 44.48 41.9 55.8 12.00 0.12 215 0.259
III/2 OGM PL 6 1.28 43.89 44.2 60.2 15.00 0.10 249 0.242
III/3 OGM PL 8 1.24 42.11 65.3 88.2 16.70 0.03 189 0.466
IV/3 OGM PP 7 1.35 40.90 41.6 55.7 8.56 – 154 0.362
IX/1 OGM PP 6 1.31 50.08 71.5 100.0 34.50 0.12 345 0.290
VI/1 GGM PL 13 1.53 46.60 37.0 49.1 15.40 0.00 314 0.157
VI/3 GGM PL 21 1.67 44.87 20.3 26.9 6.14 – 228 0.118
V/1 GGM PL 11 1.35 43.81 24.0 32.2 7.64 0.00 237 0.136
V/2 GGM PL 11 1.35 47.46 34.3 45.5 8.28 0.30 182 0.250
V/3 GGM PL 13 1.57 44.80 31.8 41.9 8.24 0.00 197 0.213
X/1 GGM PP 7 1.39 60.23 17.8 24.2 12.60 – 521 0.046
X/2 GGM PP 7 1.41 36.93 71.8 97.2 13.30 0.02 137 0.710
X/3 GGM PP 6 1.32 53.95 53.3 71.1 14.52 0.10 204 0.348
X/4 GGM PP 6 1.50 42.67 32.1 41.5 10.30 0.28 248 0.167
X/5 GGM PP 9 1.44 48.50 59.9 78.0 11.30 0.50 145 0.538
VI/2 GGM PP 5 1.06 30.15 52.4 67.8 9.20 0.22 136 0.500
Samp. Nr.—sample number, Lit.—Lithology (OG—orthogneiss, OGM—orthogneiss mylonite, GGM—
graphitic gneiss mylonite), Or.—orientation (PL—parallel, PP—perpendicular), CFL—cumulative fracture
length, D—fractal dimension value, vUH—ultrasonic wave velocity, mσc—measured compressive strength,
cσc—corrected compressive strength, E—Young’s modulus, υ—Poisson’s ration, Wd —destruction work
can be experimentally determined; the elastic modulus is calculated at 50 % of the ultimate
strength, according to the ISRM (2006). This material property describes well the rigidity
of the samples. The Poisson’s rate value (ν) is the ratio of the axial and lateral strains. Most
rocks have Poisson’s ratio values ranging between 0.2 and 0.4. A perfectly incompressible
material deforms elastically at small strains and would have a Poisson’s ratio of exactly 0.5
(Jaeger et al. 2007). Due to the different rock samples and the uncertainty of the measuring
methods, this material constant could be not determined absolutely (Gercek 2007). Destruc-
tion work (or strain energy—Wd ) can be calculated from the measured stress-strain curves.
It is equal to the area under the measured curve and it is equal to the energy necessary for
breaking the rock.
Several characteristic stress levels can be determined through laboratory tests that are
substantial in understanding the failure (damage) process of brittle rocks during compres-
sion. The complete axial stress–strain relations by Cai (2010) and Martin (1993) illustrated
on Fig. 3. The symbols are the following:
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Fig. 3 Stress-strain diagram of a rock showing the stages of crack development (after Martin 1993). For the
further explanation see the text
• σcc is the crack closure stress level,
• σci is the crack initiation stress level,
• σcd is called the crack propagation stress level. This latter parameter is close to the long-
term rock strength (Martin 1993; Cai 2010).
The above three stress levels, i.e., σci, σcd, and σcc, show important stages in the macroscopic
damage process of intact rocks. Crack initiation starts at stress levels of about 1/3 to 2/3
times the peak uniaxial load (σf ) for most brittle rocks (Bieniawski 1967; Cai et al. 2004).
The crack initiation stress (σci) can be identified on intact rocks in the course of labo-
ratory tests by the onset of stable crack growth or dilatancy. This can be defined from the
stress–volumetric strain curve as the point of the departure of the volumetric strain observed
at a given mean stress from that observed in uniform loading to the corresponding pressure
(Bieniawski 1967). In the case of a uniaxial (or triaxial) test, the volumetric strain εv is
defined by:
εv = εa + 2εl (1)
where: εa and εl are the axial and lateral strains, respectively. The crack volumetric strain
εcv is defined by Martin (1993), so that:
εcv = εv + 1 − 2ν
E
σa (2)
where σa is the axial stress, E is the Young’s modulus, and ν is Poisson’s ratio. As the
Fig. 3 illustrates, both the volumetric strain and the crack volumetric strain plots can be
used to determine the crack initiation stress level (σci). This parameter can also be identified
as the point where the volumetric strain starts to differ from the straight line of the elastic
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deformation stage (stage II), or the crack volumetric strain deviates from zero, as shown in
Fig. 3.
Microscopic observations indicate that newly generated cracks are tensile in nature, gen-
erated by extension train, and mostly aligned in the same direction as the maximum com-
pressive stress. After crack initiation, the propagation of the microcracks is a stable process,
which means that the cracks only extend by limited amounts in response to given increments
in stress (Cai 2010).
Unfortunately, we have no opportunity to measure the Acoustic Emission (AE), so the
data were determined only the measured stress and strain parameters.
Destructive tests were carried out in the Rock Mechanics Laboratory at the Budapest Uni-
versity of Technology and the Economics. Under the experimental procedure the following
conditions were used: periodic loading-unloading velocity, gradually grown amplitude and
3–4 loading cycles. The loading cycles were designed so that the samples were charged over
the damage limit, but before fracturing, that is the hypothetic main fracturing zone. The
following parameters were determined in the above detailed theoretical background: ultra-
sonic wave velocity, compressive strength, elastic (Young’s) modulus, Poisson’s ratio and
destructive work.
3.4 Statistical methods for data processing
In the course of the rock mechanical measurements and image analysis of CT scans, several
numerical data were determined. This data set concludes the mechanical behaviour of the
most essential rock types of the KIHA-NE Field. As reservoir properties in a hard rock
reservoir are basically determined by fracture network characteristics, the question to be
addressed by the statistical analysis of this data set, was whether or not known rock types
behave differently concerning their rock mechanical parameters. To test how well they can
be distinguished, discriminant function analysis is a suitable method. The calculations were
performed in the computer program SPSS 18.
4 Results
4.1 Results of CT measurements
The size of the samples did not cause abnormal radiation absorption. CT images following
rock mechanical treatment exhibit significantly different fracture patterns for the three stud-
ied lithologies and also sample orientation (Fig. 4). For samples perpendicular to the folia-
tion, markedly fewer fractures appear compared with parallel samples in all cases. Moreover,
GGM tends to break more intensively than the two other rock varieties.
4.2 Results of CT data processing
For the quantitative comparison of the intact and crushed rock matrices, the HU of the CT
images were used. The means and the modi of the whole scans and individual slices, as well
as the HU histograms (Fig. 5(a)) of the samples were investigated.
The characteristic CT scan histograms of the samples are skewed, because the rock char-
acteristic densities appear in the determined rock material interval. Therefore, the mean of
the HU values are less useful than their mode. The intact samples cannot be separated by
their HU distributions. They have quite similar shapes (Fig. 5(a)); narrow and nearly sym-
metric, while the modi of the histograms (Fig. 5(b)) are in same interval. The differences
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Fig. 4 Characteristic CT scan
section of the treated samples
considering the sample
orientation. The indicated CFL
and D values are valid for the
presented sample. The evolved
fracture network is shown by
black colour inside the samples.
Legend: OG—orthogneiss,
OGM—orthogneiss mylonite,
GGM—graphitic gneiss
mylonite; CFL—cumulative
fracture length, D—fractal
dimension value
appear between the crushed and intact samples that belong to the same rock material. The
histograms (Fig. 5(a)) of the crushed samples are shifted towards the higher HU values and
are also more skewed in that direction. The box plots also suggest (Fig. 5(b)) that the largest
difference is typical for the GGM samples. The diversity of OG samples is nevertheless
rather uncertain because of the small sample number.
From the CT scans transformed to 1-bit images, the CFL and the D values of the fracture
network were determined for each treated sample (Table 1). The mylonite samples were cut
perpendicular to the foliation and are characterised by similar CFL means (OGMpp = 6.25,
GGMpp = 6.62); these are lower values than those typical for the parallel samples (OGMpl =
10.2, GGMpl = 13.8). A similar tendency is shown for the fractal dimension values; the
parallel GGM samples are in the higher interval of the D values. The two fracture network
geometry parameters, CFL and D seem able to discriminate between the lithologies (Fig. 5).
4.3 Rock mechanical test results
4.3.1 Results of non-destructive test
The results of ultrasonic wave velocity measurements are presented in the Table 1.
4.3.2 Results of destructive tests
Using the standard unconfirmed compressive tests, the following parameters were deter-
mined: uniaxial compressive strength (σc), elastic modulus (or Young’s modulus) (E) and
the Poisson’s rate value (ν) (Table 1). In Fig. 6, typical measured stress-stain curves are
presented, which also show the elastic lines.
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Fig. 5 (a) Characteristic histogram of the intact and crushed samples; (b) boxplot of the mode values of the
HU. Legend: OG—orthogneiss, OGM—orthogneiss mylonite, GGM—graphitic gneiss mylonite; PL—par-
allel with the foliation sample, PP—perpendicular to the foliation sample
Generally the perpendicular samples have higher compressive strength values (meanpl =
51.1 MPa, meanpp = 66.9 MPa) (Table 1). Concerning the elastic modulus, the GGM lithol-
ogy can be characterised by a large standard deviation, while its mean is the lowest. The
Young’s modulus of GGM is slightly lower (meanpl = 9.1 GPa, meanpp = 11.87 GPa) than
the OGM samples (meanpl = 13.56 GPa). In the case of GGM the specimens with parallel
orientation are situated at the bottom of the range.
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Fig. 6 Characteristic stress-stain curves of: (a) orthogneiss, (b) orthogneiss mylonite, (c) graphitic gneiss
mylonite parallel, (d) graphitic gneiss mylonite perpendicular. Legend: (1–3) results of the measurements,
(4) elastic line
According to the commonly used rock engineering classification system, the rock ma-
terial can be classified using the ratio of the elastic modulus and the compressive strength.
Deere and Miller (1966) suggested a classification system presented in Fig. 7. The KIHA-
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Fig. 7 The concept of the
Modulus Ratio (MR):
a strength-deformation
representation for rock materials
and rock masses (Deere and
Miller 1966) with the
characteristic intervals of the
metamorphic and sedimentary
rocks. The KIHA-NE data were
plotted (n = 22)
NE samples exhibit a close to linear variation on this plot and they lie at the boundary of the
low and average modulus ratio fields. Although the rock types appear mixed on the plot, all
parallel GGM samples show significantly lower strength data than the other samples.
The Poisson’s ratio values were also measured and calculated. However, the Poisson’s
ratio could not be measured for some samples (Table 1). While the OGM results range in a
well-defined interval (0.03–0.12 MPa), the GGM results vary in a rather wide range (0.02–
0.5 MPa). With respect to the orientation, the specimens cannot be separated.
The destruction work shows big differences depending both on the lithology and the sam-
ple orientation (Table 1). Plotted with compressive strength data, samples exhibit a mono-
tone, close to linear function (Fig. 8(a)). The parallel samples are presented in the lower
interval of the parameters, while the GGM and especially the parallel GGM samples show
the lowest values.
4.3.3 Relationships between the rock mechanical and fracture network parameters
Systematic evaluation of different parameters suggests that several of them are in tight rela-
tionship with each other. Fractal dimension of the fracture pattern decreases with increasing
destruction work (Fig. 8(b)). The separation tendency of the parallel samples, especially the
parallel GGM samples is evident on this plot. In these specimens, a dense fracture network
with high D values evolved by low destruction work. The two geometric parameters of the
fracture pattern, D and CFL, increase together (Fig. 8(c)). On the other hand with increasing
Young’s modulus, the CFL values show a slightly decreasing trend (Fig. 8(d)); the parallel
GGM samples are shifted towards the region of a lower Young’s modulus and higher CFL
values.
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Fig. 8 Cross plots of KIHA-NE data (n = 22): (a) Wd − σc , (b) CFL − D, (c) D − Wd , (d) CFL − E
4.4 Results of statistical methods
In order to determine those parameters that can be used to distinguish the a priori known
petrological groups, discriminant function analyses were carried out.
In the first step of the analysis the two petrologically most different units, the OG with its
mylonite (OGM) and GGM were investigated. The coinciding histogram (Fig. 9(a)) suggests
that the two groups can clearly be separated using the discriminant score (DA):
DA = 2.3Wd − 2.8(E/σc) − CFL + 0.8HU + 0.8E + 0.7D (3)
where: Wd is the destruction work, E is the Young’s modulus, σc is the compressive strength,
HU is the mode of the CT scan histogram, CFL is the cumulative fracture length and D is the
fractal dimension of the fracture network. In the next step, the separation of OG and OGM
on the basis of rock mechanical data was attempted. The results suggest that the two groups
cannot be distinguished as they exhibit a unimodal histogram (Fig. 9(b)). The discriminant
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Fig. 9 Histograms of the discriminant scores for the lithology groups: (a) orthogneiss (OG) with its mylonite
(OGM) and graphitic gneiss mylonite (GGM), (b) orthogneiss (OG) and orthogneiss mylonite (OGM), (c) the
parallel (PL) and the perpendicular (PP) graphitic gneiss mylonite (GGM)
function in this case is:
DB = 9.7Wd + 10.4(E/σc) − 12σc + 1.3E − 0.8HU + 0.5CFL (4)
Finally, inside the GGM lithology the parallel samples were compared with those that were
cut perpendicularly. The resulting plot (Fig. 9(c)) shows two distinct groups separated by
scores calculated based on the discriminant function of:
DC = 7.3D − 8.5CFL − 7.5E + 5.6HU + 5.2vUH + 4.3σc (5)
where vUH is the ultrasonic wave velocity.
If all three groups (OG and OGM, GGM parallel, GGM perpendicular) are involved
in the analysis simultaneously (Fig. 9(d)) they can be separated unambiguously using the
discriminant functions:
Function 1 = 6.3Wd − 7.2σc − 3.6CFL + 2.3E + 1.9vUH + 1.4D + 1.3HU (6)
Function 2 = 8.1Wd − 7.7σc + 5.4(E/σc) − 1.5D + 1.5vUH. (7)
5 Discussion
5.1 The nature of the KIHA-NE reservoir rocks
According to previous investigations (unpublished reports), the metamorphic basement of
the KIHA-NE Field forms a heterogeneous fractured reservoir with oil-water phase bound-
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aries at three different depths inside the rock body. Moreover, numerous neighbouring wells
do not communicate with each other hydrodynamically, suggesting a highly compartmen-
talised fractured reservoir. The reservoir features are extremely heterogeneous throughout
the rock body; in a CH productive interval the porosity is 2–20 %, whilst in a barren section
it is 0 %. Nevertheless, a potential connection between the reservoir properties and lithologi-
cal characteristics has never been previously studied. In the course of rock classification, we
identified four blocks with different lithologies (Fig. 2); the orthogneiss with amphibolite
xenoliths and granite intrusions, the orthogneiss mylonite, the graphitic gneiss mylonite and
the graphitic carbonate phyllite (Nagy and M. Tóth 2012). On the basis of macroscopic and
microscopic descriptions, the intensity of natural fracturing as well as the presence of oil
spots, suggests that the GGM and the OGM units may serve as the main migration pathways
and as reservoir rocks. In the case of the GGM samples the cavities and dissolved carbonate
nets seem to contribute to the enhancement of the reservoir properties.
Ultrasonic wave velocity (Table 1) and CT scan measurement (Fig. 5) were carried out
as non-destructive tests on the intact samples. The results do not show any significant dif-
ferences between the lithologies; the measured values vary in narrow intervals in the case
of each rock type, except for the HU values of the OGM samples; its wide range is proba-
bly caused by the mineralogical and microstructural heterogeneities of this lithology. Even
slight variations in chemical composition of the protolith may cause remarkable differences
in mica content, while different intensities of deformation may result in heterogeneous grain
size reduction and various mineral alterations. Interaction of all these factors may have sig-
nificantly modified rock density and thus the HU values measured by CT.
5.2 The provoked fracturing of the rock types
In the course of compression tests, an artificial fracture network was evolved in the rock
samples. Cracks can be evolved in the rock body, when the local stress exceeds the local
strength (Batzle et al. 1980). According to Gottschalk (1990) the stress concentration in the
granitic and the mechanically similar gneissic rocks, has four main sources:
(1) presence of micropores, grainscale cavities and heterogeneities,
(2) pre-existing microcracks,
(3) elastic mismatches between constituent minerals, and
(4) slip and frictional sliding on favourably oriented phylosillicate cleavage planes.
The role of the preferred orientation of biotite grains in microcrack nucleation within the
neighbouring phases is also emphasised (Gottschalk 1990; Seo et al. 2002). Batzle et al.
(1980) also notes the role of the pre-existing microcrack and grainscale cavity orientation,
which decides opening or closing as a function of the stress field.
The fracture network evolved in the course of the compression treatment could be vi-
sualised in 3D by CT scans. In evaluating the vertical and horizontal sections, remarkable
differences concerning both lithology and orientation become conspicuous (Fig. 4). Whilst
in the samples perpendicular to the foliation just a few fractures evolved, whereas in the
parallel samples numerous fractures were created. Mylonites, especially the GGM samples
exhibit an even more dense fracture network than any other set of specimens. In addition to
visualisation, numerical data derived from CT sections (cumulative fracture length (CFL),
and the fractal dimension value (D) of the created fracture network) further confirm these
differences (Table 1); the parallel GGM samples are characterised by the highest CFL and D
values. Further numerical data, the compressive strength, the Young’s modulus, the Poisson
ratio and the destruction work were provided by the compression tests (Table 1). Although
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the number of the specimens was not sufficient to obtain statistically reliable data, the results
do show the most important rock mechanical behaviour of the rock materials.
There are several rock mechanical classification schemes and interpretations used by
rock engineers to describe the behaviour of rock masses (e.g., Q-system by Barton et al.
1974; NAMT by Rabcewicz 1964a, 1964b; Rock Mass Rating (RMR) system by Bieni-
awski 1989). These methods are mostly based on empirical observations and are developed
for special rock mechanical problems. Although they define relative rather than absolute
metrics, these schemes may be suitable for comparing the mechanical behaviour of diverse
rock types within a given field. According to Deer and Miller’s (1966) diagram (σc − E),
most studied samples plot into the sedimentary rather than the expected metamorphic rocks
field, even if they are close to the boundary of the two fields (Fig. 7). This suggests that
the samples behave as sedimentary rocks in a mechanical sense; they do not show the fea-
tures of classical metamorphic rocks. Although, their strength does not change significantly,
the investigated samples have lower elasticity modulus than expected in the case of normal
metamorphic rocks.
The different mechanical and fracture network parameters show characteristic relation-
ships and co-variation trends (Fig. 8). The CFL correlates with the D values; they increase
together suggesting a more complicated fracture network consists of longer fractures. Fractal
dimension is also in tight relationship with destruction work, such that the fracture system
is more prone to better communicate when it was evolved by lower destruction work. It
also suggests that the rock material with high D values is more brittle and easier to crush.
According to the plots on Fig. 8(b–c), CFL could be useful in differentiating the samples
by orientation, whilst the D value could be used for lithology differentiation. The plot of
Wd − σc (Fig. 8(a)) may discriminate both concerning orientation and lithology. On each
plot the OGM samples usually plot with intermediate values close to the few data points of
OG. In the case of GGM lithology however, the data points of the parallel samples usually
separate from the others; in addition, in several cases they separate from the perpendicular
GGM data too. The remarkable influence of sample orientation on fracturing tendency sug-
gests the highly anisotropic behaviour of the GGM lithology. In general, on the basis of all
these plots, the parallel GGM samples need the lowest destruction work to create high CFL
and D data that is a complex system. Consequently, this rock type has the best chance to
form a communicating fracture network. Furthermore, orientation of the recent stress field
may have an important role on the closing or opening tendency of the natural fractures of
the GGM block inside the reservoir, because of the highly anisotropic behaviour of this
lithology.
Analysis of the CT images also makes the study of changes in the uncrushed rock matrix
possible. This kind of evaluation can be carried out by omitting the fractures of the analysis.
The results of intact and crushed samples were compared (Fig. 5) in the case of the myloni-
tised rock units (OGM, GGM). Data obtained for the crushed OGM samples vary in a rather
wide range, nearly overlapping with the original interval measured for the intact samples
(Fig. 5(b)). As the HU values correlate with the rock density, the results suggest that in the
case of the OGM, there was a slight density increase during the compressive test inside the
rock matrix. Both the macroscopic and microscopic description, as well as the CT inter-
pretation of this rock type, implies that the original OGM samples do not include a visible
amount of microcracks or microcavities, which could become closed during the compressive
test. Although, microcracks usually nucleate in mica neighbouring mineral phases, causing
a density decrease and the OGM samples contain abundant amounts of phylosillicates (bi-
otite, chlorite and sericite), the effect of this behaviour is not detectable on the CT scans.
Even if this phenomenon may be important, the size and the amount of these microcracks in
the samples are probably too low to appear in the HU values.
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During deformation, as a result of the migrating fluids, fine grained muscovite + quartz
assemblages form replacing relatively strong feldspars. Due to this process, the reaction
softening (also called secondary) (e.g., White and Knipe 1978; Williams and Dixon 1982;
Wibberley 1999) generates a softer, looser zone in the rock body. The muscovitisation re-
actions can facilitate the deformation (Wibberley 1999) and these reactions indicate fluid
mobility in the shear zones during the deformation process (Williams and Dixon 1982).
These softer zones afterwards undergo further loosening in the course of the uplift of the
rock unit. Rock mechanical compression tests could generate compaction in these looser
zones that may cause a density increase in the HU values of the specimens.
On the other hand, in the case of GGM, the HU parameters of the intact and crushed
samples exhibit a characteristic difference. The difference between the HU modi (Fig. 5(b))
as well as the histograms of the crushed and intact GGM samples (Fig. 5(a)) clearly indicate
a density increase during the mechanical treatment. This behaviour implies some essential
rock characteristics may have an influence on the rock fracturing process. The GGM sam-
ples in their natural appearance contain abundant cracks, cavities and dissolved carbonate
nests, which are probably accompanied by smaller microcracks and microcavities invisible
to the naked eye. This microscopic and/or submicroscopic pore space could behave as sig-
nificant matrix porosity that assigns a sedimentary feature for the rock, in accordance with
the suggestion of the Deere and Miller (1966) plot (Fig. 7).
Although, prior to sample preparation, naturally unfractured intact specimens were se-
lected, the presence of a few microcracks, microcavies and dissolved nests cannot be dis-
counted. During the compressive test these tiny unconformities may have closed and caused
the density increase. As this phenomenon takes place on the microscopic scale and the CT
scan has a 1 mm resolution, only the HU value distribution could serve information about the
density change. Moreover, compaction of the loosened mica rich zones also plays a notable
part in the density increase during the compression test.
In summary, we can state that the petrologically different rock types have remarkably
different brittle behaviours. The low fracture network parameters (CFL, D) and the few pro-
voked fractures detected on the CT images, confirm the former suggestion that the OG block
does not behave as a good fractured reservoir. The OGM lithology is characterised by mod-
erate anisotropy and fracture tendency; the fractal dimension and CFL values do not suggest
formation of a complicated and connected fracture system. High anisotropy and the large,
possibly communicating fracture system that characterises the GGM, is achieved by much
lower work investment than for any other rock type. In fact, this mylonite variety behaves
as a sedimentary rock based on its rock mechanical parameters. On the other hand, although
this lithology is the best candidate to contain large fractured zones in the whole reservoir,
at reservoir pressure conditions microcracks and microcavities may become closed, signifi-
cantly decreasing the original matrix porosity. Otherwise, overpressure in the reservoir may
keep the cracks open as well resulting just in the opposite effect.
5.3 Discrimination of the lithology groups
Detailed data evaluation clearly infers that the four rock types are different not only concern-
ing their petrological characteristics, but also in their rock mechanical behaviour, especially
in the ability to form mutual fracture systems. To quantify how well the lithology groups
can be distinguished based on the measured numerical parameters, discriminant function
analysis was applied. Furthermore, this approach also can identify those rock mechanical
parameters that are responsible for characterising each group. In the first step, one can see
that the OG and the OGM samples can be separated from the GGM specimens (Fig. 9(a))
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using the discriminant function DA (Eq. (3)) that is based mainly on destruction work and
elasticity/compressive strength. The plots of the rock mechanical parameters also showed
that the lithotypes can be separated using the Wd − σc (Fig. 8(a)) and the E − σc (Fig. 7)
pairs of variables. Observing these plots, the OG with OGM group with higher strength
and a slightly higher elasticity modulus, clearly needs more invested work to crush com-
pared to the GGM samples. Furthermore, CFL, the third most important parameter of the
DA discriminant function (Eq. (3)), is in a reverse relationship with the destruction work,
suggesting that samples crushed using less work tend to generate more a complex fracture
network. As the GGM needs less destruction work to be broken, coinciding with higher CFL
values, the GGM lithology exhibits the better reservoir features.
Using discriminant analysis, no straightforward separation between the OG and OGM
samples is possible (Fig. 9(b)). It is caused by gradual transition between the two rock types
in all rock mechanical features (Fig. 7), suggesting a continuous increase in the measure of
shearing towards the highly deformed samples (mylonites).
Thirdly, inside the GGM unit a remarkable difference can be computed between the
parallel and the perpendicular samples. The bimodal feature of this lithology is slightly ob-
servable on Fig. 9(a), whilst in Fig. 9(c) the separation of the differently orientated samples
becomes obvious. In the DC discriminant function (Eq. (5)) that is responsible for separating
samples of different orientations, the main factors are CFL and D that are the main geomet-
ric parameters of the fracture network. Absence of the rock mechanical variables indicates
that there is no difference in the material itself, rather the behaviour of the GGM lithology
is characterised by high anisotropy due to mylonitic foliation.
Discriminant function analysis of all three petrologically different groups of rocks shows
coincident results. In Fig. 9(d) three sample groups are separated; the OG and OGM form
one cluster, while the parallel and perpendicular GGM samples create two additional groups.
In the discriminant functions F1 and F2 (Eqs. (6), (7)) the primary differentiating factors
are destruction work and compressive strength, while the secondly factors are cumulative
fracture length and the fractal dimension value. The other rock mechanical and petrophysical
parameters, like HU values, or the ultrasonic wave velocity have subordinate roles in the
group formation.
6 Conclusions
The Kiskunhalas-NE fractured metamorphic reservoir is characterised by the presence of
rock types with different metamorphic and structural evolutions. On the basis of complex
investigation we can state that the petrologically different rock types have remarkably differ-
ent rock mechanical behaviours. We suggest that graphitic gneiss mylonite zone may offer
the best reservoir characteristics. The results also show that all mechanical parameters are
highly anisotropic and are determined by previous structures of the rock types. Therefore,
beyond the lithology, the relationships between the recent stress field and the orientation
of the preserved foliation of the metamorphic rocks have an important role in the reservoir
features.
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